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Abstract 
In this work, model structures coextruded from polyolefin materials with different resistance against elastic and plastic deforma-
tion (tensile modulus and work of deformation up to the yield point) as well as different resistance against stable crack initiation 
and propagation were experimentally analyzed using the multiple-specimen crack resistance (R) curve approach under quasistatic 
loading conditions. Additionally, numerical calculations were done using the finite element method. R curve ratios were 
calculated where the R curve of material 1 in the bilayer was related to the R curve of material 1 in the single-layer and so on. 
Depending on the mechanical performance of both layers, the additional layer highly affects the crack propagation kinetics inside 
the first layer when the crack propagates across the bilayered structure. Because the resistance against stable crack propagation is 
related to the size and shape of the plastic zone and the energy dissipated inside, the mismatch of the resistance against stable 
crack propagation (R curve ratios) is highly correlated to the mismatch of the resistance against plastic deformation. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Everyday products such as plastic pipes for gas, water or wastewater transportation or automotive body parts for 
ex- or interior applications are composed of multilayered structures to an increasing degree. For the last decade, 
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improving the performance of such products has been the driving force behind the increasing application of such 
structures, which are manufactured using coextrusion or multicomponent injection molding. In contrast to single-
layered parts, however, fracture mechanics investigations based on elastic–plastic fracture mechanics, which are 
essential to further increase the life time and the breaking resistance of polymer multilayered structures, have been 
very rare so far. Whereas FEM calculations of cracked multilayer plastic pipes were done by one of the co-authors of 
the present study on basis of linear-elastic fracture mechanics (Hutar et al. (2013), Zouhar et al. (2011a)), this paper 
deals with the stable crack growth across multilayer structures based on experimental elastic–plastic fracture 
mechanics. 
2. Experimental 
2.1. Materials and specimens 
Multilayer polyolefin plastic pipes are used for special applications. Such pipes are composed of an inner layer 
(IS, neat matrix material), a middle layer (MS or MS-WB which differ little in composition; highly filled with hard 
microparticles) and an outer layer (AS, short fiber-reinforced) in our case. To simplify the experimental analysis of 
the crack propagation performance both single- (IS, MS or MS-WB, and AS) and bilayer pipes (combinations: 
IS/MS or IS/MS-WB, and MS/AS or MS-WB/AS) were extruded. From these pipes prismatic specimens were cut 
with a length of 80 mm in direction of extrusion and a thickness B of 10 mm. The specimens’ width W was 20 mm 
(single-layer pipes) or 15 – 19 mm (bilayer pipes), respectively, so as to be equal to the wall thickness of the pipes. 
The thickness d of IS or AS was 4 mm and 2 mm, respectively. Two sets of single-edge notch bending (SENB) 
specimens were prepared where a blunt notch first and subsequently a sharp notch using a fresh razor blade was 
machined from the former inner or outer surface of the pipes. For the one set of specimens (single-layer; bilayer: 
notch inside the middle layer) the notch depth (a)-to-width (W) ratio was set to be a/W = 0.5 and for the other set 
(bilayer: notch inside IS or AS) the layer thickness (d)-to-width (W) ratio to be a/d = 0.5. Unlike some other 
polyolefins (see Beerbaum (2000) and Lach et al. (2012), for example), all tests have shown that a plane crack front 
and a state of plane strain were guaranteed without side grooving. 
2.2. Determination of crack resistance (R) curves 
To analyze the stable crack initiation and propagation behavior of the single- and bilayer pipe specimens the 
multiple-specimen method was applied as a function of the material (single-layer: IS, AS, two types of middle layer: 
MS and MS-WB), the material combination (bilayer: IS or AS and the middle layer (MS or MS-WB)) and the 
direction of crack propagation (bilayer: notch inside IS, AS or the middle layer). The specimens were loaded under 
three-point bending conditions at a test speed of 10 mm/min and room temperature (23°C) using a universal testing 
machine (Zwicki from Zwick/Roell). The work of deformation AG was calculated by using measured load–
displacement diagrams, where the load at which the test was stopped was varied in regular steps from small load up 
to maximum load. After final breakage of the specimens at low temperatures (cooling in liquid nitrogen) and high 
loading rates the amount of stable crack growth 'a was measured by means of optical microscopy (3D digital 
microscope VHX 500 D from Keyence). The J integral approach of elastic–plastic fracture mechanics (EPFM) was 
used to determine crack resistance (R) curves (J value vs. stable crack growth 'a curves) according to the procedure 
described elsewhere (Grellmann et al. (2001a) and Grellmann el al. (2001b)). The J values were estimated by  
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The geometry factor K for the set of SENB specimens with the notch inside the middle layer is K = 2 (a/W = 0.5); 
the geometry factor K for the set of specimens with the notch inside IS or AS was experimentally determined to be K 
= 1 (a/d = 0.5) using a compliance method by varying the a/d ratio. The bracket term in Equation (1) on the right of 
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J0 adjusts influences due to stress field rearrangements during crack propagations insofar as only local unloading 
occurs, i.e. for loads smaller than the maximum load. 
To separate geometrical effects due to limited size of the specimens (boundary effects) from the influence of the 
interface and the additional layer on the stable crack propagation, the crack propagation kinetics had to be analyzed. 
As shown in previous papers (Lach et al. (2005), Lach and Grellmann (2008)) also for different polyolefin materials, 
stable crack propagation can be understood as a three-phase process. This process involves crack-tip blunting/crack 
initiation (stage I), non-stationary stable crack growth (stage II) and steady-state stable crack growth (stage III; 
equilibrium state). In the narrower sense the J integral is only defined as a crack field parameter for stationary cracks 
(i.e., if the crack speed is zero). From the experimental point of view, however, the applicability of the J integral 
approach can be extended to the range of steady-state stable crack growth where both the crack speed and the crack-
tip-opening displacement (CTOD) rate are constant. Effects of the stress field rearrangements due to the moving 
crack have to be considered when calculating the J values (see Equation (1)). From the explanations above, it can be 
concluded that a necessary precondition of the validity of the J–'a data is to ensure (almost) stationary cracks or 
steady-state stable crack growth. Therefore, only J–'a data has to be taken into account below a maximum 'a value 
for which boundary effects become evident. 
3 Results and discussion 
3.1. Crack resistance (R) curves 
It can assumed that the adhesion between the layers is almost perfect because no evidence of interfacial crack 
propagation appears in the bilayer pipes as it has been shown especially in the case in which the cracks grow from 
IS or AS into the middle layer across the interface between the two layers. This observation can be supported by the 
fact that additional fracture mechanics tests using double cantilever beam (DCB) specimens to measure the 
interfacial strength were not successful because the cracks grew inside one of the layers but not in the interface 
between them. 
The crack propagation kinetics typical of the materials investigated is shown in Fig. 1a for IS as a matter of 
example. The distinct stages have also been found for other thermoplastics by Lach et al. (2005), and Lach and 
Grellmann (2008). The transition from stage I to stage II designates the point of physical crack initiation. To put 
simply, very often the resistance against stable crack initiation is determined for a given amount of stable crack 
growth 'a ('a = 0.2 mm in our). As a result, Ji and J0.2 values can be calculated quantifying the resistance against 
physical or technical crack initiation, respectively. Furthermore, the slope dJ/d'a of crack resistance (R) curve in 
Fig. 1b can be taken as resistance against stable crack propagation like the crack speed maxa  in stage III (see Fig. 
1a). The J–'a data were fit using a power law J = C1∙'aC2 with the parameters C1 and C2. 
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Fig. 1. (a) Crack propagation kinetics with crack-tip blunting/crack initiation (stage I), non-stationary stable crack growth (stage II) and steady-
state stable crack growth (stage III), for more information see chapter 2.2. and previous papers (Lach et al. (2005), Lach and Grellmann (2008) 
and (b) crack resistance curve of IS single-layer pipe specimens. 
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Fig. 2. (a) R curves of single- and bilayer pipe specimens for crack propagation inside MS; (b) R curves of single- and bilayer pipe specimens for 
crack propagation inside IS. 
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Fig. 3. R curve ratios for combinations (a) MS/IS, (b) MS/AS, (c) MS-WB/IS and (d) MS-WB/AS; the arrows indicate the crack growth 
direction; the inserts in Fig. 3a and 3b represent the two sets of bilayer pipe SENB specimens (blue: IS or AS, white: MS or MS-WB). 
In Fig. 2, R curves of single-layer and bilayer pipe specimens are compared where the crack starts to grow either 
inside MS (Fig. 2a) or IS (Fig. 2b). It is especially remarkable that the slopes of the R curves for the bilayer pipe 
specimens are much higher (MS) or lower (IS) than those of the single-layer pipe specimens. Detailed explanations 
about this unexpected behavior are given in the next chapter. 
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3.2 R curve ratios and resistance against plastic deformation 
R curve ratios as shown in Fig. 3 were calculated by Jtwo('a)/Jsingle('a), where Jtwo('a) and Jsingle('a) are the R 
curves of a given material obtained from bi- or single-layer pipe specimens, respectively. The relative step change 
'Jrel of these R curve ratios (and the absolute step change of the R curves too: not shown here) at the interface 
between IS or AS and MS or MS-WB is the higher the higher the mismatch of the resistance against plastic 
deformation (difference in EHy2 of the two layers) is (E – tensile modulus, Hy – yield strain; EHy2 is proportional to the 
work of deformation up to the yield point). The experimental observation in the scope of EPFM applies also to the 
case of FEM calculations based on linear-elastic plastic fracture mechanics (LEFM) where the step change in the 
stress intensity factor related to the homogeneous pipe increases as the mismatch of the resistance against elastic 
deformation (difference in E of the two layers) increases (see below). Depending on the middle layer (MS or MS-
WB) 'Jrel was found to be 'Jrel = 3.5 – 4.4 (IS/middle layer) and 'Jrel = 0.8 – 2.2 (AS/middle layer). By using the 
relative difference in EHy2 based on the EHy2 value of IS as a measure of the mismatch of the resistance against 
plastic deformation, this mismatch, 0.79 – 0.82 (IS/middle layer) or 0.20 – 0.23 (AS/middle layer), correlates to the 
relative step change in J shown above. 
Excluding small 'a values the R curve ratios are either higher or lower than 1 depending on whether the interface 
and the additional layer (layer 2) destabilize or stabilize the crack propagation inside the layer (layer 1) where the 
crack starts to grow. Only in cases in which the ability for plastic deformation and for energy dissipations of layer 2 
is higher than that of layer 1, is the crack propagation inside layer 1 stabilized by layer 2 (higher resistance against 
stable propagation dJ/d'a and lower crack speed maxa ) otherwise it is destabilized (lower dJ/d'a and higher maxa  
values). Therefore, not only the relative step change 'Jrel but also the absolute R curve ratio close to the interface 
depends on relative EHy2 value. Since the relative EHy2 values of MS and MS-WB are similar (0.18 – 0.21) the higher 
relative EHy2 value of IS (1.00) compared to AS (0.41) result in lower R curve ratios of IS (ratios = 0.38 – 0.42; i.e. a 
more pronounced destabilization of the crack propagation) than AS (ratios = 0.89 – 0.96). Furthermore, the relative 
EHy2 values are reflected well in the size and shape of the plastic zones and the corresponding microdeformation 
processes. IS (neat matrix material) exhibits macroscopically the highest resistance against plastic deformation 
shows a round plastic zone related to high degree of microplasticity that can be observed microscopically on the 
fracture surfaces. For comparison, the hard microparticle-filled middle layers with the lowest resistance against 
plastic deformation exhibit elongated plastic zones and less deformed flaky fracture surfaces. 
3.3. Finite element (FEM) calculations of the position-dependent stress intensity factor  
The existence of interfaces between single layers has a pronounced influence on the stress distribution of a 
multilayer pipe. Due to good adhesion between layers, the assumption of perfect adhesion is accepted. 
A numerical model of the multilayer pipe was developed as a three-dimensional taking into account an elliptical 
crack that propagates from inner surface, see Fig. 4a. 
Using symmetry conditions only one half of the configuration has been modeled. The level of the mesh 
refinement was subjected to a convergence analysis and took into account high stress concentration in the vicinity of 
the crack tip and the non-homogeneity of the specimens. A typical three-dimensional numerical model used for 
calculation included around 180,000 3D finite elements strongly non-homogenously distributed in the structure 
because of mesh refinement around the crack tip. 
The material composition of the pipe is given by the tensile modulus of the main pipe Em (middle layer) and that 
of the inner and outer protective layers Ep (inner and outer layer) and corresponding values of Poisson ratio Qm and Qp. For basic calculations values of the modulus corresponding to Ep/Em | 0.68 were considered (Hutar et al. (2010) 
and Zouhar et al. (2011b)). 
Due to the similarity of both materials and the fact that the influence of Poisson’s ratios on stress distribution is 
weak it was supposed in the following that Qm = Qp = 0.35. To assess the influence of materials on the results, 
additional calculations corresponding to Ep/Em (0.75, 0.8, 1) were performed. 
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Fig. 4. (a) Model of the multilayer pipe; (b) dependence of stress intensity factor of a semi-elliptical inner crack in the three-layer pipe 
considering the step change at the interface between the inner layer and the main pipe. 
It should be noted that the estimation of the stress intensity factor close the interface needs a very fine mesh. For 
a crack with its tip at the interface the stress singularity exponent p (p = 1/2 for a homogeneous body) was changed 
and p z 1/2, the methodology of the generalized stress intensity factor was used (Knesl (1991) and Hutar et al. 
(2013)). 
The smaller the value Ep/Em the stronger the influence of materials mismatch and interfaces on the stress 
distribution and on the stress intensity factor values (compare Fig. 4b; for more information on the results of the 
FEM calculations see Hutar et al. (2013), for example). 
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